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ABSTRACT: Since 1991, Mississippi River water has been diverted at Caernarvon, Louisiana, into Breton Sound estuary.
Breton Sound estuary encompasses 1100 km* of fresh and brackish, rapidly subsiding wetlands. Nitrite + nitrate, total
Kjeldahl nitrogen, ammonium, total phosphorus, total suspended sediments, and salinity concentrations were monitored
at seven locations in Breton Sound from 1988 to 1994. Statistical analysis of the data indicated decreased total Kjeldahl
nitrogen with associated decrease in total nitrogen, and decreased salinity concentrations in the estuary due to the
diversion. Spring and summer water quality transects indicated rapid reduction of nitrite + nitrate and total suspended
sediment concentration as diverted Mississippi River water entered the estuary, suggesting near complete assimilation
of these constituents by the ecosystem. Loading rates of nitrite + nitrate (5.6-13.4 g m~2 yr~'), total nitrogen (8.9-23.4
g m~? yr!), and total phosphorus (0.9-2.0 g m ? yr !) were calculated along with removal efficiencies for these constit-
uents (nitrite + nitrate 88-97%; total nitrogen 32-57%; total phosphorus 0-46%). The low impact of the diversion on
water quality in the Breton Sound estuary, along with assimilation of TSS over a very short distance, suggests that more
water may be iniroduced into the estuary without detrimental affects. This would be necessary if freshwater diversions
are to be used to distribute nutrients and sediments into the lower reaches of the estuary, in an effort to compensate
for relative sea-level rise, and reverse the current trend of rapid loss of wetlands in coastal Louisiana.

Introduction cretion through organic soil formation from wet-

Eustatic sea-level stabilized near its present level land plant production (DelLaune et al. 1983).
after the last glaciation between 5,000 to 7,000 These increases in vertical accretion helped main-
years ago (Milliman and Emory 1968). Since that tain marsh elevation above relative sea-level rise
time, sedimentation from the Mississippi River cre- (RSLR), the combined effect of eustatic sea-level

. . . ise (1-2 mm yr 7!, Gornitz et al. 1982) and coastal
ated a series of overlapping deltaic lobes that pres- Tise ( ., PR .
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tion followed by river abandonment and subse- olne lestas ? . 1%;%-e§'¥§nena¥§921g relative
quent deterioration and submergence due to the sea level (Stanley ; omer ).

bined effects of shoref . d 1 Since the early 1900’s most wetlands in the Mis-
compbined elfects ol snoreface erosion and coasta sissippi delta have been hydrologically isolated
subsidence (Penland et al. 1990). During the aban- from the river by the construction of flood control
donment phase, sediment and nutrients were de-

1 M 1996). Th I t 1
livered to lobes adjacent to the river during spring evees (Mossa ) coc ‘evees prevent seasona

X flooding and thus introduction of sediments and
floods (Hattor} etal. 198.3)' These ﬂoods pr _ov1ded nutrients into nearby wetlands. Resuspended sedi-
a source of mineral sediments, which contributed

. ; ’ ! ' ment from bay bottoms and reworked deltaic de-
directly to vertical accretion; nutrients associated

: . ) posits have replaced fluvial sources of inorganic
with these sediments promoted further vertical ac- sediments in many regions of coastal Louisiana

(Hatton et al. 1983). As a restoration effort, the
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Fig. 1. Breton Sound Estuary. Numnbers refer to water quality
monitoring stations used for this analysis. The Caernarvon,
White’s Ditch Siphon and Bohemia structures are controlled
freshwater diversions, and the Pointe a la Hache relief outet
and Bohemia spillway are areas of seasonal flooding of the Mis-
sissippi River.

the Mississippi River (Chatry and Chew 1985).
When freshwater diversions were planned over two
decades ago, the primary goal was to reduce salin-
ity to enhance oyster production in surrounding
regions (Chatry et al. 1983). More recently, diver-
sions have increasingly been used as a way of de-
livering sediments and nutrients to wetlands in an
attempt to counter RSLR (Day and Templet 1989).

There has been controversy about the cffects of
diverting Mississippi River water into coastal wet-
lands because of possible eutrophication as cur
rently observed in Louisiana's offshore waters
(Turner and Rabalais 1991; Rabalais et al. 1994).
Eutrophication in the estuary itself is less likely be-
cause environments with high turbidity caused by
river inputs of suspended sediments usually have
low phytoplankton productivity due to low light
availability (Cloern 1987). Wetlands are natural
sinks for nutrients (Hatton et al. 1982; Sharp et al.
1982; Reddy et al. 1993), and thus represent a vi-
able mechanism for decreasing the nutrient load
of river water prior to reaching offshore. There are
a number of changes which take place in the
chemistry of river water as it flows into an estuary
and mixes with sea water. Nitrate-nitrogen, for ex-
ample, can be lost to the atmosphere through de-
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Fig. 2. Caernarvon diversion discharge schedule from Au-
gust 1991 through December 1994

nitrification, assimilated into organic matter, or re-
duced to ammonium, with all of these processes
occurring simultaneously.

Six freshwater diversions are currently in oper-
ation in Louisiana and several others are in various
stages of evaluation or construction. The subject of
this study is the diversion at Caernarvon, Louisi-
ana, located approximately 20 km down river from
New Orleans. The objective of this study is to an-
alyze the nutrient and sediment dynamics that oc-
curred in a Louisiana estuary in response to the
addition of Mississippi River water. We hypothe-
sized that there would be rapid assimilation of sus-
pended sediments and nitrate, with associated in-
creases in ammonium and total Kjeldahl nitrogen,
and low uptake of phosphorus in the estuarine wa-
ters of Breton Sound.

Study Site

The Caernarvon freshwater diversion is the larg-
est of six diversions currently in operation on the
lower Mississippi River south of New Orleans. The
diversion structure is located on the east bank of
the Mississippi River near Caernarvon, Louisiana,
at river mile 81.5 (Fig. 1). The water control struc-
ture is a five box culvert with vertical lift gates; each
culvert is 4.6 m wide. The structure has the capa-
bility of passing 226 m? s ! of water. The Caernar-
von control structure was completed in 1991 and
freshwater discharge began in August of that year.
Freshwater discharge from August 1991 to Decem-
ber 1993 averaged 21 m® s ! (Fig. 2). An average
of 212 m® s™! flowed into the estuary from Decem-
ber 1993 through February 1994. The rest of 1994
had an average flow of 45 m?3 s™.

The Caernarvon diversion delivers water into
Breton Sound estuary, which consists of 1,100 km?
of fresh, brackish, and saline wetlands (Fig. 1). The
estuary is hydrologically bounded to the west by
the Mississippi River levee, to the north by natural
levees of Bayou La Loutre, and to the east by spoil
banks of the Mississippi River Gulf Gutlet. The es-
tuary has open connection to the Gulf of Mexico.
Breton Sound wetlands were formed several thou-
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sand years ago as part of the Plaquemines-St. Ber-
nard delta complex (Scruton 1960; Roberts 1997).
Since then, approximately half of the original wet-
lands have submerged due to shore-face erosion
and coastal subsidence (Penland et al. 1988).

Prior to the construction of the Mississippi River
levee system there have been several documented
natural crevasses in the region surrounding Caer-
narvon, delivering vast amounts of river water into
Breton Sound estuary (Russell 1936; Davis 1993).
These natural crevasses most likely have occurred
intermittently over a much longer period than the
historical record documents. Due to an extremely
high river stage height during the great flood of
1927, the Mississippi River levee at Caernarvon was
intentionally destroyed in April of that year to re-
lieve New Orleans from possible flooding (Barry
1997). The resulting artificial crevasse was 979 me-
ters wide and diverted up to 9,200 m® s ! of water,
equal to half of the mean flow of the Mississippi
River, from the river into Breton Sound estuary for
four months (Davis 1993; Barry 1997). The histor-
ical record, therefore, indicates that the Breton
Sound estuary has experienced massive periodic
inputs of Mississippi River water as part of its evo-
lution to its current ecological state.

In addition to the Caernarvon diversion, there
are several other contemporary sources of Missis-
sippi River water to Breton Sound estuary. The
White’s Ditch Siphon is a freshwater diversion that
delivers water to the northwestern portion of Bret-
on Sound estuary (Fig. 1), and has a maximum
flow capacity of 10 m® s 1, but generally flows at a
much lower rate. We assumed the White’s Ditch
Siphon did not greatly affect this study due to its
low flow. The Bohemia structure is another fresh-
water diversion that has the same flow capacity as
the Caernarvon structure, and delivers water into
the southeastern portion of the study area. Missis-
sippi River water also enters the southern portion
of the study area at the Pointe a la Hache Relief
Qutlet and the Bohemia Spillway, but only during
high river stage. The Bohemia structure and spill-
way and the Pointe a la Hache Relief Outlet greatly
affects water quality in southern Breton Sound, as
indicated by the data presented below, but the ex-
act volume of water introduced by these waterways
is not monitored and is unknown.

Materials and Methods

In this study, a long term data set of water quality
parameters from 1988 to 1994 was analyzed along
with data collected during two field trips in 1996.
A three year pre-diversion survey was carried out
from January 1988 to July 1991 to establish base-
line conditions of the study area in Breton Sound
estuary. Post-diversion monitoring continued from
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August 1991 to December 1994, Water quality was
monitored monthly at seven locations (Fig. 1). Sta-
tion 1 was located in Shell Bayou; station 2 at the
west shore of Lake Petit; station 3 in River Aux
Chenes at the pipeline canal north of First Bay;
station 4 in Lake Cuatro Cabello at Pato Cabello
Pass; station 5 in Bay Gardene at Bayou Lost; sta-
tion 6 at the navigation light near Mozambique
Point; and station 7 at the oil well platform north-
east of California Point (COE 1995).

Water quality parameters measured were nitrite
+ nitrate (NO, + NO;), ammonium (NH,), total
Kjeldahl nitrogen (TKN), total phosphorus (TP),
total suspended sediments (TSS), dissolved oxygen
(DO), and salinity. The Corps of Engineers (COE)
was responsible for collecting and analyzing sam-
ples from stations 1, 3, 4, 6 and 7. The Louisiana
Department of Environmental Quality (LDEQ) was
responsible for collecting and analyzing water qual-
ity samples from stations 2 and 5. LDEQ did not
measure NH, concentrations. TP measurements
made by LDEQ were not included in this analysis
due to inconsistencies in the data. Total phospho-
rus data taken by the LDEQ had consistently lower
values than those reported by the COE (Lane
1998).

Surface water samples were collected from 10-
20 cm depth in acid washed glass or plastic con-
tainers with Teflon coated lids (Greenburg et al.
1985). Water samples were stored at 4°C for pres-
ervation and transported to either COE or LDEQ
analytical laboratories where both filtered and un-
filtered samples were frozen until analysis. The
samples were analyzed for nitrite + nitrate (NO,
+ NO,), ammonium {(NH, — N), total Kjeldahl ni-
trogen (TKN), Total Phosphorus (TP), total sus-
pended sediments (TSS), and salinity (Greenburg
et al. 1985). Samples analyzed for NO, + NO, and
NH, were filtered in the laboratory using 0.45 um
millipore filters and concentrations determined by
automated colorimetric cadmium reduction and
automated colorimetric phenate methods, respec-
tively. TKN and TP were analyzed using acid-diges-
tion methods described by Greenburg et al.
(1985). Samples analyzed for TSS were filtered in
the laboratory through pre-dried and weighed 0.45
um millipore filters. Filters were then dried for 24
h at approximately 15°C after filtering and weighed
to determine the amount of suspended materials
in the water.

Total nitrogen (TN) was calculated by adding
NO, + NO; and TEN values. Monthly data was
separated into the following: December through
February was designated as winter; March through
May as spring; June through August as summer;
and September through November as Autumn.

A Before-After-Control-mpact (BACI) statistical
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design (Underwood 1994) was used to determine
whether the project had an impact on each of the
measured variables at the water quality monitoring
stations in Breton Sound estuary. The Underwood
model was modified to account for variation due
to months and years; the years were treated as ran-
dom effects and months as fixed effects. The time
within Before-After effect was partitioned into a
year within Pre/Post (fixed) effect and a month
within year and Pre/Post (random) effect. A sig-
nificant Pre/Post by Station interaction {a < 0.05)
was interpreted as an impact of the project on the
measured variable. If an impact was found, station
by station contrasts were performed to determine
which stations were affected.

Preliminary analysis of the long term data set
indicated that NO, + NO, and TSS decreased to
background levels by the time the first water qual-
ity monitoring station was reached. Field data tran-
sects were performed to obtain finer spatial reso-
lution in the extreme upper estuary, north of the
first two stations. Discrete water samples were tak-
en April 30 and June 21, 1996, at the diversion
structure and along the two major bayous to sta-
tions 1 and 2. The same methods cited above were
used to analyze the samples for NOy, + NO; and
TSS at the Coastal Ecology Institute at Louisiana
State University.

Nutrient loading rate (expressed as g m™2 yr™!)
and removal efficiency (the percentage of nutri-
ents removed from the overlying water column and
retained within the wetland ecosystem or released
into the atmosphere) were calculated for the por-
tion of wetlands between the Caernarvon structure
and the first two water quality stations. Data was
used from 1992 through 1994, with each year an-
alyzed separately. The area of wetlands was conser-
vatively estimated to be 260 km?. Approximately
33% of water discharged from the Caernarvon di-
version flows west of Big Mar, cventually reaching
station 1, the remaining water flows east into Lake
Leary and eventually to station 2. This flow est-
mation was used in normalizing removal efficien-
cies, which were calculated by comparing nutrient
concentrations in Mississippi River and stations 1
and 2.

Results

The BACI analysis, along with station by station
contrasts, indicated lower salinity concentrations at
all stations (Table 1), except those in the lower
estuary (stations 5-7). Salinity concentrations
ranged from 0 at the Mississippi River and steadily
increased to means of 12-17%o at the most distant
stations (Fig. 3).

There was no significant impact of the diversion
at all of the water quality monitoring stations for
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Fig. 3. Pre- and postdiversion waterquality stationr annual
means with standard error bars, for salinity, nitrite + nitrate,
ammonium, total Kjeldahl nitrogen, total nitrogen, total phos-
phorous, and total suspended solids. Significant results from
BACI analysis are indicated.

NO, + NO, based on the results of the BACI anal-
ysis (Fig. 1). Station 7 had elevated NO, + NO;
concentrations compared to the other marsh sta-
tions presumably due to the addition of river water
in the region by the Bohemia structure and spill-
way (Fig. 3). Mean pre- and post-diversion Missis-
sippi River water NO, + NO, concentrations
ranged from 1.2 to 1.6 ppm, while the marsh water
quality monitoring stations ranged from 0.1 to 0.5
ppm, suggesting rapid reduction in NGO, + NO,
levels as river water entered the estuary. This is sup-
ported by the salinity mixing diagram (Fig. 4),
which indicated that the Breton Sound wetlands
and shallow waters were acting as a strong sink for
NO,; + NO; (see Liss [1976] for mixing diagram
discussion). When the post-diversion data was an-
alyzed by seasons (Fig. 5), nitrite + nitrate concen-
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Fig. 4. Post-diversion salinity mixing curve with raw data
points shown as circles and diamonds indicating overall means
at each water quality station.

trations during summer and autumn were some-
what lower compared to winter and spring, but
were not significantly different.

The BACI statistical analysis failed to find a sig-
nificant impact on NH; concentrations due to the
diversion (Fig. 1). Ammonium levels initially in-
creased with distance from the diversion structure,
then stabilized further into the estuary, and rose
again presumably in response to freshwater water
input at the Bohemia structure and spillway (Fig.
3). The salinity mixing diagram (Fig. 4) indicated
the estuary was acting as a source for NH,. Winter

N
oW ow w

331

Casernarvon Freshwater Diversion

i Winger (Do Fobeuary;
-y Bpwing (March-May)

e Bummer une-Rugust

3~ Fafl {Sept Movermber

Salintly tppt

{pprmy

BNy

B84

bty {poon)

THH {ppm)

TH ippend
By

TR {ppm)

TES {ppms

Station

Fig. 5. Post diversion scasonal means, with standard error
bars, for salinity, nitrite + nitrate, ammonium, total Kjeldahl
nitrogen, total nitrogen, total phasphorous, and total suspend-
ed solids.

had the highest NH, concentrations compared to
the other seasons (Fig. 5).

The BACI statistical analysis along with station
by station contrasts indicated TKN levels at stations
2, 5, and 6 decreased due to the diversion (Table

TABLE 1. Results of pre/post-diversion by station statistical contrasts for variables Total Kjeldalh Nitrogen, Total Nitrogen, Total

Phosphorus and Salinity. Level of significance: ¥***q = < 0.0001, ¥**a =

0.001, **a = < 0.01, *a = < 0.05, NS—no significant

difference. The sign in the parenthesis indicates an increase (+) or decrease (—) as a result of the diversion.

Station

Measured

parameter River 1 2 3 4 5 & 7
TEN NS NS **(—) NS NS xE(—-) () NS
TN NS NS (=) NS NS HAE(—) *(—) NS
Salinity NS *(—) HHEE(—) *(—) #* () NS NS NS
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TABLE 2. Water quality data of transects performed April 30
and June 21, 1996. The transects run from the Caernarvon di-

version to Corps of Engincers water quality monitoring Stations
I and 2.

April 30, 1996 June 21, 1996
Distance From  NO, + NQO; NQ, + NO,
Diversion (km) (ppm) 185 (ppm) {(ppm) TSS (ppm)
0 0.54 277 2.14 115
4 0.44 177 1.35 15
Route To Station 1:
7.5 0.37 36 0.29 5
10 0.41 41 0.10 7
18 0.16 27 0.17 12
Route To Station 2:
7 0.57 109 1.48 43
14.5 0.50 18 0.08 12

1). Mean TKN concentrations were higher in the
upper estuary (1.2-1.6 ppm) than in the Mississip-
pi River (0.9-1.1 ppm), but decreased further into
the system, suggesting TKN production in the up-
per estuary (Fig. 3). This was supported by the sa-
linity mixing diagram (Fig. 4), which indicated the
estuary was acting as source for TKN in the upper
estuary. TKN is a combination of NH, and organic
nitrogen (ON). Since NH, accounts for less than
15% of TKN concentration, it can be inferred the
estuary was acting as a source for ON. The highest
TEN concentrations occurred during summer, and
the lowest concentrations during winter (Fig. 5);
seasonal salinity mixing curves showed the estuary
acting as a strong source for TKN during the sum-
mer.

The BACI statistical analysis along with station
by station contrasts indicated TN levels at stations
2, 5, and 6 decreased due to the diversion (Table
1), the same as TKN. TN levels generally decreased
through the marsh stations with elevated concen-
trations at station 7, presumably due to the influ-
ence of the Bohemia structure and spillway (Fig.
3). The salinity mixing curve was concave, indicat-
ing the estuary was acting as a sink for TN (Fig.
4), mostly due to NO, + NO; uptake. The summer
had higher TN concentrations compared to other
seasons, which had relatively uniform concentra-
tions (Fig. 5), mostly due to TKN.

The BACI statistical analysis failed to find the
diversion as having a significant impact on TP con-
centration (Fig. 3). Mean TP levels steadily de-
creased through the marsh stations with an in-
crease at station 7, presumably due to the Bohemia
structure and spillway (Fig. 3). The salinity mixing
diagram indicated the system was generally conser-
vative with respect to TP (Fig. 4). TP concentra-
tions did not show distinguishable seasonal trends
in the upper estuary (stations 1-3), but did display

TABLE 3. Nutrient loading rates and removal efficiency of wet-
lands north of the first two water quality monitoring stations.

Year

1992 1993 1994

NO, + NO,

Loading (g m2yr 1) 5.6 7.3 13.4

% Removal 97 95 88
Total Nitrogen

Loading (gm ?yr ) 89 121 23.4

% Removal 57 47 32
Total Phosphorus

Loading (g m ? yr-) 0.9 1.4 2.0

% Removal 46 39 0

somewhat higher winter concentrations in the low-
er estuary (Fig. 5).

The BACI statistical analysis failed to find the
diversion as having a significant impact on TSS
concentration (Fig. 3). Mean TSS concentrations
in the upper estuary were very low (< 20 ppm)
compared to the Mississippi River (> 150 ppm),
suggesting the estuary was rapidly assimilating in-
troduced sediments (Fig. %). This was confirmed
by the very concave curvature of the salinity mix-
ing diagram (Fig. 4), indicating the estuary was act-
ing as a strong sink for TSS. In spring, the lower
estuary (stations 6 and 7) had higher TSS concen-
trations, compared to the rest of the marsh prob-
ably due to wave resuspension (Fig. 5).

Results of the independent sampling carried out
April 30 and June 21, 1996, indicated TSS levels
rapidly decreased before reaching the first moni-
toring stations (Table 2). The same was true for
NO, + NO, concentrations, except April 30 on the
route to station 2 when NQ,, + NQO, concentrations
remained relatively unchanged. This data supports
the hypothesis that the Caernarvon freshwater di-
version has not affected TSS or NG, + NQO; levels
in Breton Sound because these constituents were
either transformed, assimilated or deposited be-
fore reaching the first water quality monitoring sta-
tions.

Results of nutrient loading rate analysis indicat-
ed 5.6 to 13.4 g m ? yr! of NO, + NO,, 89 to
234gmPyrtof TN,and 0.9to 20 g m~2yr ! of
TP were delivered into the region north of the first
two water quality monitoring stations from the in-
put of Mississippi River at Caernarvon during 1992
to 1994 (Table 3). Removal efficiencies for these
constituents were 88 to 97% for NO, + NO,, 32—
57% for TN, and 0 to 46% for TP.

Discussion

The results of this analysis showed rapid reduc-
tion of NO, + NO; as river water entered the es-
tuary. Various studies have reported similar reduc-
tion of NO, + NO, in estuarine environments with

ED_005856B_00001943-00006



much of the reduction due to denitrification (Lin-
dau and DeLaune 1991; Nowicki et al. 1997). Jen-
kins and Kemp (1984) reported that up to 50% of
NQO, + NO; introduced into the Patuxent River
estuary underwent denitrification. This process is
carried out by denitrifying bacteria that use nitrate
as an electron acceptor to oxidize organic matter
anaerobically (Koike and Hattori 1978). Another
transformation pathway of NO, + NQ; is assimi-
lation into particulate organic matter by autotro-
phic photosynthetic organisms. Vascular plants as
well as algae incorporate NO, + NO; into cellular
mass. NO; reduction to NH, has also been found
to occur {Smith et al 1982). Sorenson (1978)
found as much as 50% of NO, applied to marine
sediments can be reduced to NH,. These processes
are biologically driven and therefore are positively
correlated to temperature, which may explain
higher NO, + NO, concentrations during winter,
when these processes were at their slowest rate.

The Breton Sound estuary acted as a source for
NH,. This was most likely caused by the regenera-
ton of NH, by the decomposition of organic mat-
ter (Kemp and Boynton 1984), as well as reduction
of NO, + NO, to NH, (Sorenson 1978). Bacteria
and fungi decompose organic material to obtain
energy and in the process release nutrients in dis-
solved organic form (Day et al. 1989). Numerous
studies have shown the net mobilization of NH, by
benthic sediments (Koike and Hattori 1978; Cal-
lender and Hammond 1982; Teague et al. 1988).
The relatively shallow water depths, rapid settling
rates and rapid bacterial utilization result in fairly
short residence times for organic material in es-
tuarine waters (Moran and Hodson 1989). There-
fore, much of the regeneration of nutrients prob-
ably takes place on or in the sediments, which is
where NH, regeneration is highest (Blackburn
1979).

Three of the seven water quality monitoring sta-
tions had decreased TKN and TN concentrations
due to the diversion. One reason for this behavior
could be simple dilution due to the addition of
river water, which has lower concentrations of TKN
than the receiving estuary. The estuary was acting
as a source for TKN, especially during summer.
This was most likely the result of higher primary
production associated with increased nutrient in-
put, along with an increased microbial community
due to detritus availability, both of which are high-
est during the summer.

Overall, the Breton Sound wetlands acted as a
sink for nitrogen. TN is a combination of all the
forms of nitrogen discussed above, and its behavior
is governed by processes controlling all those con-
stituents. The high summer TN levels were prob-
ably due to increased primary and microbial pro-
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ductivity which also effected summer TKN concen-
trations. Denitrification plays a large role in the
loss of nitrogen from estuarine waters, but another
permanent loss of nitrogen is through burial of
organic material such as detritus and senescent
phytoplankton cells. Relative sea level rise in coast-
al Louisiana is approximately 1 cm yr~! (Penland
and Ramsey 1990), which is partially compensated
for by an accretion rate of 0.7-0.9 cm yr~! (Cahoon
and Turner 1989; Delaune et al. 1989). DeLaune
et al. {1981} studied wetlands in Barataria Bay,
which were accreting at a rate of 0.75 cm yr~!, and
found nitrogen was buried in the interior marsh at
a rate of 13.4 g m ? yr~'. This burial rate is in the
same range as the loading rate was for the region
north of the first two water quality monitoring sta-
tions in Breton Sound estuary (8.9 to 254 gm *
yr™1), and where 32% to 57% nutrient removal ef-
ficiency was found.

The results indicate thar Breton Sound estuary
acted conservatively with respect to TP. The highly
charged phosphate anion, PO,, is readily sorbed
by clay and detrital organic particles at high con-
centrations, while at lower concentrations PO, is
released into the water, thus maintaining moderate
ambient concentrations (Jitts 1959). This buffer-
ing process occurs in two distinct steps, with sorp-
tion/desorption of PO,~ directly onto particle sur-
faces occurring very rapidly (minutes-days), and
then slow (days-months) diffusion of PO, toward
the interior of the particles (Froelich 1988). Cyclic
aerobic and anaerobic conditions in the top sev-
eral centimeters of the wetland soil also affect the
sorption and release of phosphate (Patrick and
Khalid 1974). Sharp et al. (1982) found these sorp-
tion-desorption processes provide a buffering
mechanism for phosphorus in the Delaware estu-
ary. Madden et al. (1988) showed that TP behaved
similarly in Fourleague Bay, Louisiana, with little
change in concentration throughout the year. The
same processes most likely account for the conser-
vative behavior of the Breton Sound estuary with
TP. Burial is the only mechanism by which phos-
phorus is permanently lost from the system (Rich-
ardson 1985). Flocculation, and subsequent depo-
sition, of dissolved organic and inorganic matter
during the mixing of river and sea water is an im-
portant removal mechanism for phosphorus {(Shol-
kovitz 1976). The TP loading rate for the region
north of the first two water quality monitoring sta-
tions ranged from 0.9 to 2.0 g m 2 yr~!, higher
than the interior marsh burial rate found by
DeLaune et al. {1981) of 0.8 g m~? yr~!, which may
explain the low removal efficiency of 0% to 46%
found in the Breton Sound estuary.

Suspended sediments introduced from the di-
version were rapidly trapped in the Breton Sound
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estuary. This was due to decreasing water velocity
when entering the estuary, allowing suspended
sediment to drop out of the water column. Water
passing through the Caernarvon diversion struc-
ture immediately enters Big Mar, an abandoned
reclamation project, where sediment accamulation
has been evident. Villarrubia (1998) reported 164
ha of new marsh has formed in Breton Sound es-
tuary since 1991. Inorganic sediment is deposited
in the marsh when the marsh is flooded. In coastal
Louisiana, strong southerly winds associated with
the prefrontal phase of winter storm fronts play a
key role in raising water levels and distributing
available sediments into the marsh interior (Reed
1989). These storm fronts resuspend bay bottom
sediments and were probably responsible for in-
creased TSS levels in the lower estuary, which has
a large fetch from the southeast and is greatly in-
fluenced by southerly winds. Stern et al. (1991)
found the highest sediment retention in marshes
surrounding Fourleague Bay, Louisiana, was dur-
ing the winter and early spring. The same pattern
of seasonal deposition also occurred in Barataria
Basin, Louisiana (Baumann et al. 1984; Madden et
al. 1988). Though a discontinuous and variable
process, storm fronts are an important factor in
delivering sediments and maintaining marsh ele-
vation in the face of relative sea level rise. Day et
al. (1995) discussed similar pulsing events as a
dominate force in the formation and maintenance
of the Rhone delta, France.

The loading rate analysis found efficient nutri-
ent removal at low loading rates, but removal ef-
ficiency decreased rapidly with increasing loading
rate. Richardson and Nichols (1985) reviewed a
number of wetland wastewater treatment systems
and found similar results. The nutrient loading
rates reported here were lower for corresponding
removal efficiencies for total phosphorus and total
nitrogen than those reported by Richardson and
Nichols (1985). This difference may be due to
chemical differences between wastewater and Mis-
sissippi River water, and physiological differences
of the receiving wetlands. The trend of low remov-
al efficiency at high loading rates may be caused
by shorter residence times of water in the estuary
during high loading rates, allowing less time for
biogeochemical processes to occur.

Conclusions

TKN, TN, and salinity were the only variables
measured for this study that were significantly im-
pacted by the Caernarvon freshwater diversion
project. The receiving estuary experienced de-
creases in salinity levels, which was the original
goal of the diversion project (Chatry et al. 1983).
Suspended sediments were rapidly trapped by the

ecosystem within the first few kilometers of the di-
version structure. Approximately 164 ha of new
marsh has been created so far by the introduction
of river water into the system (Villarrubia 1998).
The rapid assimilation of nutrients without signif-
icant change in dissolved oxygen concentration, as
well as the rapid removal of suspended sediments,
suggests more water can be allowed to flow into to
the estuary without detrimental effects to the eco-
system. The United States Corps of Engineers anal-
ysis of fecal coliform, heavy metals and pesticides
found no significant impact during the 1991-1994
post-diversion monitoring phase (United States
Corps of Engineers 1995). The decision to allow a
higher flow rate depends on management goals. If
the primary goal is to manage salinity regimes for
oyster production, this goal is being met with the
current discharge. But if the goal is to distribute
nutrients and sediments into the lower reaches of
the estuary, in an effort to compensate for RSLR
and wetland loss, a much larger discharge is nec-
essary along with the construction of additional di-
versions or enlargement of the current structure.
Turner and Boyer (1997) found many smaller di-
versions to be more cost effective than a single
large diversion structure, and Mossa (1996) sug-
gested the management of diversion flow regimes
to coincide with maximum suspended sediment
load of the Mississippi River. The management of
riverine input into the estuarine environment
should include a comprehensive monitoring pro-
gram to asses the effectiveness of this management
strategy as the estuary responds to increased nu-
trient and sediment availability with changes in
vegetation type, flow paths, and primary productiv-
ity. With current attention being focused on the
most efficient means to deliver fluvial sediments to
wetlands, our results show that it is possible to uti-
lize freshwater diversions as a valuable manage-
ment tool in the preservation coastal Louisiana.
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